maximizing precipitation of salts of low solubility in the soil water, and minimizing soil mineral weathering and dissolution of previously deposited salts (Rhoades et ol., 1974) . Minimum leaching requires a feedback connection between evapotranspiration and irrigation, so that adjustments in applied water can be made in response to changes in consumptive use by the crop. This feedback may, in principle, be generated by soil-based sensors, such as shallow tensiometers, to schedule irrigations in conjunction with deeper s'alinity sensors to help achieve a desired drainage concentration and leaching fraction. However, spatial variability of solute concentrations within a root zone, coupled with the long travel time between the surface and sensor locations, create difficulties in using salinity sensors to attain a desired leaching fraction (Jury, Fluhler, and Stolzy, 1977) . Irrigation feedback generated by a direct measurement of evapotranspiration (Jensen, 1975) should prove to be a more practical way of controlling drainage rates.
In addition to constraints imposed by the degree of salt tolerance of the irrigated crop, the minimum attainable leaching fraction for an entire field will W.A. Jury, H.' Frenkel, H. Fluhler, D. Devitt, and L. H. Stolzy 
INTRODUCTION
FOR MANY YEARS, California growers have assumed that yields of crops dependent on irrigation water were limited only by its availability-and its availability had few limits. It seems clear now, however, that competition for water among users in agriculture, industry, and recreation will require increasingly efficient methods for its use in the future. One projected estimate (Moses, 1972) of future electrical generation plant requirements throughout California indicates cooling water needs sufficient to conflict seriously with agricultural water requirements. For these reasons it is important that all water users, particularly agricultural users, efficiently manage the existing resources. For agriculture this requires applying the least amount of water consistent with achieving high crop yields and maintaining soil-water permeability. In addition alternate sources of irrigation water, such as elec-. trical power-plant cooling water, should be investigated.
There have been several proposals made for irrigation management with limited water or high salinity. The U.S. Salinity Laboratory has proposed a minimum leaching policy aimed at keeping the root zone moist and preventing the buildup of salts by frequent irrigations applied to maintain a small but nearly continuous drainage flux out of the root zone (van Schilfgaarde .et al., depend on the uniformity of the irrigation system. For a sprinkler system with a uniformity coefficient of 90 percent, the average leaching fraction of the field would have to be 0.25 to provide a leaching fraction of 0.05 for the part of the field receiving the least irrigation water (Jensen, 1975) .
Different sites can dictate different kinds of irrigation management. King and Hanks (1975) reported on a field in which drainage waters tended to the same salt concentration regardless of the amount of water applied. For this reason, they recommended periodic leaching and reclamation of the site. Rawlins (1976) and Rhoades and Suarez (1976) gave examples of situations where different leaching fractions might be needed because of site-specific conditions.
Knowledge of soil-specific interactions-or specifically, precipitation or dissolution-that occur within the root zone is essential for salt and water management. Pratt, Davis, and Laag (1977) have shown that because of precipitation reactions, addition of manure to irrigated land sites has a negligible effect on the total salts leached below the root zone. Theoretical models (Dutt and Tanji, 1962; T'anji et al., 1967; Oster and McNeal, 1971) have been proposed to account simultaneously for precipitation, dissolution, and other chemical reactions as functions of leaching fraction and irrigation water composition. Application of this calculation to irrigation waters of various concentrations has been recently outlined by Oster and Rhoades (1975) . Jury et al.: Use of Saline Irrigation Waters Minimum leaching and use of saline water for irrigation introduces the possibility of permeability degradation caused by swelling or clogging of the soil. McNeal (1968) found that the combination of high sodium and low total concentration is the most deleterious for soil-water transmission properties.
Using saline water for irrigation also may cause osmotic stress to plants rooted within the saline profile. Earlier guidelines, based on leaching requirements that related salt tolerance in the crop to average root-zone salinity, have been challenged (Bernstein, 1974; Rhoades, 1974) on the basis that salt profiles resulting from minimal leaching are not uniform; the maximum concentrations may considerably exceed the average concentrations. As a result, the maximum salt concentrations for a number of crops may exceed the "guideline" concentrations (obtained under nearly uniform salination of the root zone) without yield reductions. For this reason, drainage concentrations of crops irrigated at low leaching fractions. should not be directly compared to the guideline concentrations.
'I'he experiment described here was designed to study crop response to variations in irrigation water quality under conditions similar to those encountered in the field. As part of a program to assess the feasibility of using cooling water blowdown for electrical power generation in desert crop production, water and salt balances obtained over three growing seasons illustrated these interactions during and subsequent to profile salinization.
EXPERIMENTAL DESCRIPTION
The experiment was performed at the University of California, Riverside, in 24 steel lysimeters. Each lysimeter was 1.21 m in diameter and 1.5 m deep, had polyethylene-lined sides, and a pea gravel-filled base which drained into an outside receiving tank. The lysimeters were filled with top soil from one of four soil types (see Table 1 ), and had been in continuous use since 1957. As a result, their soil structure and bulk density distribution now were typical of field conditions. Salinity sensors and combination tensiometer-solution samplers were installed at depths of 5, 20, 50, 80, and 120 em. They were replicated three times in the high-salinity lysimeter and twice in the other lysimeters. Neutron access tubes were placed at the center of each lysimeter, and water content readings were taken periodically at four depths (20, 50, 80, 120 em) . Four-probe electrodes were used to measure soil electrical conductivity (Rhoades and van Schilfgaarde, 1975) . Three concentration levels of synthesized irrigation water (Table 2) , similar to cooling-tower blowdown water, were used. Even the low-salinity treatment was more concentrated than typical irrigation water (Rhoades et al., 1973) .
In a preliminary experiment, nine of the lysimeters were wetted to saturation with tap water from the bottom up, covered, and allowed to drain. 'I'ensiometer readings and neutron-probe values were taken periodically during drainage, and water-transport characteristics were determined using the instantaneous profile method (Rose, Stern, and Drummond, 1965) . These characteristics had considerable scatter, although significant differences were not found among different horizons or among different lysimeters of the same soil type. Determinations of hydraulic conductivity, soil-water matric potential, and water capacity as functions of volumetric water content were made for the soils within these lysimeters, In February, 1976, an experiment was initiated to study the influence on crop response of high-frequency irrigation of saline water at low leaching fractions. Water was applied to the lysimeters at one of three salinity levels shown in Table 2 . Applied irrigation at full cover slightly exceeded the average potential evapotranspiration for the previous week-as determined by solar radiation, temperature, humidity, and wind-run measurements to calculate the Penman evapo-172 transpiration estimate (Doorenbos and Pruitt, 1975) .
Initially, each lysimeter was ponded twice with 2 cm of the appropriate irrigation water. To maintain sufficiently low salt concentrations in the seed bed for germination, all lysimeters were irrigated with 2.3 cm of tap water during the fourth day. On the sixth day, winter wheat (Triticum aestivum, var. Cahemi 71) was planted in all lysimeters. The mature wheat was harvested between June 9 and 16,1976 . On July 12, 1976 , grain sorghum was planted in each lysimeter, and the irrigations were continued. The forage was cut in mid- December, 1976 . A second wheat crop was Jury et al.: Use of Saline Irrigation Waters planted in January, 1977, and harvested in June, 1977. During each growing season, weekly measurements were made with a neutron probe, salinity sensors, and tensiometers. Water and salt balances were calculated biweekly for each lysimeter, and evapotranspiration was determined as the difference between water input, water output, and changes in soilwater storage. In April, 1977, a complete ionic composition analysis was made from solution samples taken from the lysimeters. Root density was determined in one lysimeter which had to be dismantled at the conclusion of the first experiment.
THEORETICAL DESCRIPTION

Water transport model
The water model used in this investigation was an extension of a gravity flow system (unit hydraulic gradient) (Jury, Fluhler, and Stolzy, 1977) based upon the following assumptions: i) the soil profile is divided into six equal layers; ii) water movement is assumed to be downward and to occur at a rate characteristic of the value of the soil hydraulic conductivity associated with the water content of the overlying layer at any given time; iii) the fraction of the total water uptake extracted from a given layer is a function only of depth; iv) the total daily evapotranspiration and irrigation are the values measured in the experiment, Under these assumptions, the equations to be solved for each layer are
where H is the thickness of each layer (here 20 em) , K (6;) is the soil hydraulic conductivity, 8/ is the fraction of the evapotranspiration extracted from layer j, and K«(Jo) is the irrigation rate
The assumptions made in constructing this model are specific to our experimental system. Continuous irrigation exceeding the atmospheric demand results in downward flow through the profile, so that the assumption of unit hydraulic gradient is a reasonable representation (Rawlins, 1974 ).
Salt flow model
The output of the water model is a representation of the water flux K(z,t) and water content 6(x,t). This is used as input to the salt flow equation
where 0 is the solution concentration, J to is the soil water flux, and D is the effective dispersion coefficient. Equation (1) Chemical equilibrium calculations
The model calculating ionic equilibrium between solution and soil has been described elsewhere (Oster and Rhoades, 1975) . The calculation accounts for dissociation, and precipitation or dissolution of the major ions in soil water, including the carbonate species.
EXPERIMENTAL RESULTS
(3)
Determination of soil hydraulic properties
Interception of the water flux at 150 cm by the drainage system of each lysimeter permitted a closed water balance to be performed over the top 150 em. Soil-water storage changes were determined directly by neutron-probe readings and indirectly by changes in the soil water matric potential read from the tensiometers.
Nine of the lysimeters were wetted to saturation from below, covered, and allowed to drain. We assume that the nonlinear water flow equation describes the drainage process dO d oh -= - (K(h) This in situ measurement contains numerous sources of error. Replicated tensiometer readings must be averaged and differentiated with depth to give the water potential gradient. Neutronprobe readings are averaged over a large area in the vicinity of the source. Also, lateral variations in water flow within the lysimeter, and in drainage flux out the bottom, are averaged in the process of fitting the data to a one-dimensional flow equation. Figure 1 is a plot of the hydraulic conductivity K (0) measured during the transient drainage experiment for the o Q) en <, E o · · ;it:· · .:.:':. .. . ;-~.
.. .... The large amount of scatter is typical of field-measured hydraulic conductivities . Consequently, one must specify a distribution or confidence interval as well as the mean value of hydraulic conductivity at a given moisture content. A similar variability was present in the soil-moisture characteristic measured during the transient drainage experiment for the same three Altamont clay loam lysimeters (Fig. 2) . The large variation in soil-water transport characteristics found within a narrow surface area (1.1 m 2 ) points out the difficulties involved with inferring water transport from soil-based measurements.
First wheat experiment
Irrigation of wheat with the saline waters began on February 1, 1976. This experiment represented a transition period during which soil salinity increased with time, although average root-zone concentrations remained low in sensor readings at a given depth and time, it is unlikely that these same sensors could have been used as feedback to guide irrigation applications, particularly in the transitional stage of the experiment. Evapotranspiration was determined at discrete time intervals by conducting a water balance over each lysimeter and determining consumptive use by difference. 
ET=I-D-6S
(4)
where I, D, and ET are cumulative irrigation, drainage, and evapotranspiration, respectively, during a given time interval, and 6S is the change in water storage detected by neutron-probe readings. Figure 6 shows a frequency diagram for evapotranspiration readings obtained in all lysimeters during three time intervals of the wheat experiment. The rather high apparent ET readings during the last period of the experiment were undoubtedly enhanced by local advection caused by dry bare soil surrounding each lysimeter. Table 3 gives the water balance data for each of the lysimeters during the Soil salinity as determined from salinity sensors was quite variable in the lysimeters. In the wheat experiment, all high-salinity treatments were given identical irrigations through day 110. By grouping all such treatments together, one can form a distribution of all replicate sensor readings at a given depth and time ( Fig. 4 ) 7 days after initiation of the experiment, and again ( Fig. 5 ) after 109 days. The variations in solute concentrations among treatments receiving the same water and salt input were large and increased with time, which could have been caused by differences in soil type, evapotranspiration, or water uptake distribution.
The latter possibility was shown in a simulation study to have the largest effect on solute concentration within the root zone (Jury, F'luhler, and Stolzy, 1977) . Since a uniform irrigation treatment resulted in significant variation HILGARDIA • Vol. 46, No.5 
period February 4 to June 4, 1976, of the first wheat experiment. Evapotranspiration did not vary with irrigation water salinity, indicating that yields remained high due to the high quality storage water initially present in the lysimeters. Furthermore, drainage at 150 cm was very low in all cases, although water storage increased between the root zone and the bottom of the lysimeters. When these storage changes are considered, the leaching fractions are somewhat higher. Salt balances were estimated periodically with salinity sensor data and, near the end of the second wheat crop, by using an ionic composition analysis of soil solution samples. Because electrical conductivity (EO) is not directly proportional to salt concentration, a conversion from EO (mmho/cm) to 0 (meq/Iiter) was needed. This was accomplished by calculating the ionic composition of a number of multiples of our irrigation water concentrations that were exposed to various 00 2 levels between .01 and .04 atm, using the chemical equilibrium model of Oster and Rhoades (1975) , and then calculating the EO of the resulting mixed salt solutions by the method of McNeal, Oster, and Hatcher (1970) . A plot of EO vs. C for this system is given in Figure 7 , along with the regression In 0 =1.057 In EO + 3.06 r" =.9986 (5) o (meq/Iiter) =21.4 EOl.057 (6) which converts salinity sensor readings to soil solution concentrations. Table 4 gives the salt balances for the first wheat experiment, with salt storage determined from a depth integration of the concentrations calculated using Eq. 
Sorghum crop
Soil salinity continued increasing during the sorghum experiment, as where L is the depth of the lysimeter. Salt balance was calculated as the difference between salt input and output, and storage change, with a positive value corresponding to precipitation. The fraction of the input precipitated during this experiment ranged from nil to 75 percent of the salt input. Although there was substantial error from spatial variability and interpolation in the determination of salt storage (Eq. 7), almost all of the lysimeters registered the order of 50 percent precipitation. Leaching fraction or irrigation concentration had no apparent effect on the amount of precipitation. The Altamont cl (clay loam) treatments averaged significantly less precipitation than did the other soil types. Table 5 shows grain and dry matter wheat yields as a function of the salinity level of the irrigation water. No significant decreases in yield were obtained with increasing salinity, indicating that much of the extracted water Figure 8 . During this period, the depth as well as the level of salinity increased with time. However, even at the end of the experiment, steady state had not been reached. Contrary to conditions during the first wheat crop, the soil was initially saline, so that sorghum plants and seeds were exposed to osmotic stress from the outset. Evapotranspiration was differentially reduced by these salinity levels, as shown in the frequency diagrams of Figure 9 and in the cumulative average ET values for all lysimeters shown in Figure 10 . In addition, there was evidence of differences in evapotranspiration according to soil texture, with the coar.ser-textured soils having the larger reductions in ET. During the latter stages of the sorghum experiment, irri- zations were scaled to individual evapotranspiration rates to achieve more uniform leaching fractions. Table 6 shows the final water balances for each lysimeter. The leaching fractions range from near 0 to more than 0.2. The salt balances calculated from solution EC using Eq. (6) are shown in Table 7 . Precipitation during this experiment increased compared to the first wheat experiment, from 47 to 67 percent of applied salt. The two lysimeters with minimal precipitation during the wheat experiment had very high losses in the sorghum experiment, which may indicate an error in storage calculation occurred at the end of the wheat crop.
Final grain and dry matter sorghum vields are shown in Table 8 . Contrary to data from tests with the earlier wheat crop, there were definite reductions in sorghum yield among the high-, medium-, and low-salinity treatments, as well as some indication that soil type was a factor.
Second wheat crop
Average soil salinity was high throughout the second wheat crop from January 15 to June 6, 1977 (Fig. 11) . Salinity increased at all depths during this experiment; in particular, average EC at 5-cm depth was approximately 1.7 times the irrigation EC. This indicated that about 40 percent of the water uptake was occurring within 5 em of the surface, since the leaching fraction of this lysimeter was approximately zero. The water balance (Table 9) , showed ET reductions of 19 percent and 9 percent for the high-and mediumirrigation treatments compared with the low treatment. In addition, all three treatments used less water than the first wheat crop (Table 3) . Salt balances based on transformed EC readings are shown in Table 10 . Average precipitation continued to exceed 50 percent for most treatments, with no significant differences by leaching fraction, irrigation treatment, or soil type. In grain and dry matter yields (T'able 11), there were highly significant differences among treatments and among soils, with the Altamont clay lysimeters continuing to produce higher yields than the other soil types. Yields for all treatments were substantially lower than for corresponding treatments in the first wheat experiment (Table 5 ). data from solution samples taken at the beginning of the first crop (Feb. 1, 1976 ) and on day 449 (April 25, 1977) in six of the lysimeters. Sulfate deficits are assumed to be due to gypsum precipitation. Magnesium and sodium deficits are assumed to have replaced calcium on the exchange complex. The difference between the sulfate deficit and the deficit in the sum. of cations represents the loss of calcium not due to gypsum precipitation, which is assumed to be due to CaC0 3 precipitation. Chloride deficits, which should be zero if the sampling is accurate, are small in all six cases. Calcium carbonate precipitation was indicated in all cases except lysimeter 11, which also had the smallest percent precipitation. We felt that one of the sodium solution samples taken in April, 1977, was abnormally high, which would result in an underprediction of the amount of calcium released from exchange, and a corresponding underprediction of CaC0 3 precipitation. The other five lysimeters averaged close to 50 percent precipitation, which is consistent with the values calculated from salinity sensor readings (Tables 4, 7, 10) .
Salt balance from solution samples
Values of Sodium Adsorption Ratio (SAR) by depth for the six lysimeters are given in Table 13 . Because of the large amount of precipitation of calcium salts, these values are high in the top 50 em, although no apparent reductions in soil hydraulic conductivity were observed. Average SAR was lower for the Holtville clay loam lysimeters than for the Greenfield sandy loam lysimeters receiving the same irrigation treatment, undoubtedly as a result of the higher Cation Exchange Capacity (CEC) in the former.
Yield-salinity correlations
Yields of the sorghum and second wheat crop tests were significantly reduced by soil salinity. Table 14 pre-sent80 eorrelation coefficients for the yields of individual lysimeters against various: indices of salinity. The first wheat crop, not affected by soil salinity, had no meaningful correlations. The sorghum and second wheat crops had moderate negative correlations for yield vs. a variety of irrigation-, drainage-, and soil-salinity-weighted indices, with no correlation stronger than -0.79. The weakest correlation for both experiment.s was yield weighted against Oirr In (l/LF)/(l-LF) , which is the theoretical average salinity of the water taken up by plant roots, neglecting dispersion, when steady state has been reached (Raats, 1974) . Contrary to the results of Ingvalson, Rhoades" and Page (1976) , we did not find that time-averaged indices correlated better than indices evaluated from salinity measurements taken at the end of the crop. In fact, the index which correlated best with yield for both experiments combined was EC of the drainage water at harvest, which is consistent with the findings of Rhoades and Merrill (1976) .
Water uptake distribution
Calculating a water-uptake distribution from in situ measurements of water potential and water content contains great error if soil variability is high , and we were unable to use our tensiometer and neutronprobe readings for this purpose. However, solution concentration measurements may be used to imply water uptake provided certain assumptions are met. If steady-state salt concentrations have developed to a depth Z, then chloride concentrations should (neglecting diffusion and dispersion) approximately obey the equation
where J w is water flux and I is irriga-tion flux. 'I'his can be used to solve for Jw and for the water uptake I-Jw between the surface and Z. Fractional water uptake is obtained as (I-Jw) lET.
Salinity sensor measurements of EO may not be used in an equation similar to Eq. 8 because of salt precipitation. To correct for precipitation, we have used the chemical equilibrium model to calculate EO as a function of leaching fraction for each of the three irrigation waters in Table 1 . As these calculated concentrations were to be used near the soil surface, we assumed the CO 2 concentration to be 1.0 percent. Figure 12 shows the results of this calculation plotted against fractional uptake (I-J w ) lET, assuming an overall leaching fraction of zero. Using this figure, it is possible to estimate the fractional uptake occurring above a salinity sensor measuring a steady state value ofEC. There are several sources of error in this estimate of uptake. First, salt precipitation in our experiments exceeded the steady state rates, so that Fig. 12 will underestimate the fractional up- Fig. 12 . Soil water electrical conductivity VB. fractional water uptake calculated from equilibrium model. take occurring above a sensor. Second, our leaching fractions were not all zero as assumed in Fig. 12 . However, fractional water uptake above Z for a root zone with leaching fraction (If) and concentration EO (Z) , may be obtained from Fig. 12 by multiplying the corresponding uptake by 1/ (l-lf) . Finally, in our experiments soil salt concentrations were not constant even when steady state had been reached, so that time averages had to be taken. Table 15 shows average water uptake in the 0 to 5 em depth, obtained from salinity sensor readings and from chloride samples taken during the second wheat crop. The EO readings at 5 cm were time averaged over the crop growth period after saline irrigation water had penetrated to 20 em for each crop.
From the results. in Table 15 , it is clear that a large fraction of the water uptake occurs near the soil surface, and that this fraction increases as the soil becomes progressively salinized in subsequent experiments. Because the plants were irrigated daily, the soil near the surface remained moist even though much of the water extraction occurred 
THEORETICAL CALCULATIONS
Water flow model
Uncertainty about the gravity flow hypothesis (unit hydraulic gradient) makes predictions with the water model subject to potential error. To test this assumption of gravity flow, we compared the model with a finite difference solution of the exact differential equation over a 40-day period. We found agreement within 7 percent with calculated water flux as a function of depth, and reasonable correspondence with watercontent predictions. A further test of the unit gradient assumption is possible by calculation of steady downward flow, with water uptake expressed as an exponentially decreasing function of depth. The equation and surface boundary conditions are -d dh
dZ where h.is the soil water head, and S(z) is. the water uptake function which satisfies
-L with L the depth of the root zone. For the water uptake function S (z), we assume the form
It has been shown (Feddes et al., 1974) that numerous root-density data can be adequately described by equation 12. For the simulation, B was defined so that the uptake at 120 em was 0.1 of the surface value. Figure 13 is a plot of the ratio of the gravitational component of downward flow K (h) to the total downward flow K(h) (dhldZ + 1) as a function of depth for various leaching fractions LF =(I-ET) II using an exponen- where J w / 8 represents a mean pore water velocity. Figure 14 plots the time to travel 120 em as a function of leaching fraction for several assumed root distributions. Two points are to be stressed here: First, travel time depends largely on the extraction distribution of the root zone, even for a uniform total extraction (0.5 em/day in Fig. 14) . Second, tra.vel times for small leaching fractions are very long, suggesting that equilibrium times may exceed one year, a fact that has been qualitatively substantiated by our experimental results (Fig. 11) . These traveltime calculations must be considered only as rough estimates, because they do not take into account variations in ET, the effect of solute dispersion, or the influence of cation exchange.
Spatial variability
Some means to a.chieve low-leaching fractions is essential to a high-frequency irrigation and salinity management system. In the presence of a variable external potential evapotranspira- 
dZ (Jw/f)} gravity-flow model is to a.ssociate a slightly different water content profile with a downward-flux profile, than one would obtain from a complete numerical solution of the unsaturated flow equation.
Travel times
A natural question to ask about a system with an extended root distribution a.nd a positive leaching fraction is: How long will it take material introduced at the surface to travel through the root zone to a given depth in the soil? A simplified answer is obtained if we assume that the time to travel a distance L through the soil is given by (Raats, 1975) : 
Transition profiles
Even without considering spatial variability or measurement error, it would be extremely difficult to interpret salinity measurements within the root zone during the transition period. This is illustrated in Fig. 16 , which shows solute distributions with depth for three leaching fractions, and at three times after the introduction of saline water to an initially salt-free soil. The assumptions were a root zone depth of 30 cm; water uptake, totalling 0.5 cm per day, exponentially decreasing through the root zone; and D equalling 1.5 em' per day. 'I'he data showed that one would have difficulty inferring a leaching ity distributions. However, the magnitude of D within these limits does not critically influence short-term calculations. tion, this implies that the surface input would have to be adjusted to keep the leaching fraction relatively constant. The long travel time shown in Fig. 14 indicates that feedback originating from subsurface measurements may be subject to a large phase lag in addition to any variations caused by heterogeneous soil characteristics. Another dis advantage to the use of tensiometers for irrigation scheduling, when evapotranspiration is variable, is that a constant water potential at a location in the root zone will not result in a constant leaching fraction. Thus, the threshold water potential used to initiate irrigation must be adjusted during the season.
Determining the amount of irrigation water needed by using salinity sensor readings at a shallow depth to achieve a steady EC value that is associated with a given leaching fraction is one way of minimizing the phase lag. However, spatial variations in soil salinity (Fig. 5) , reduction of EO by precipitation (Table 5) , and diffusion and dispersion effects on solute distribution can greatly influence salinity concentrations within a root zone. Figure 15 is a plot of steady-state salt concentrations: determined from the flow equation
where Cf is input concentration and D is the effective diffusion-dispersion coefficient. The data in Figure 15 were calculated assuming ET of 0.5 ern/day, a If of 0.05, and values of D up to 5 cm per day-well within the range of experimental measurements (Nielsen and Biggar, 1962; Biggar and Nielsen, 1976) . The large influence of diffusion and dispersion apparent in this figure results from the sharp concentration gradients found with low-leaching fractions. It is clear that knowledge of this coefficient will be needed to make accurate predictions of steady-state salin- Table 17 shows the predicted amounts of precipitation occurring within the root zone, assuming a water uptake distribution of 40, 30, 20, and 10 percent for the first-through fourth-quarter depths of the root zone, and corresponding CO 2 percentages in the soil air of 1.0, 1.5, 2.3, and 3.0 percent.
Several conclusions may be drawn from the simulation: 1) Both gypsum and CaC0 3 are predicted to precipitate within the root zone for all LF (up to 0.40); 2) Gypsum precipitation greatly exceeds CaC0 3 precipitation at all LF;
3) The fraction of applied salt precipitated decreases gradually as LF increased from a maximum of 0.27 at LF =0.05 to 0.23 at LF =0.20, the highest leaching fraction in our experiment.
The first two conclusions are consistent with the ion balance made in our experiment ( Fig. 17 . Calculated water and salt profiles after 75 days of high-salinity irrigation as functions of root zone uptake distribution shape.
fraction from a solute concentration value at any time before the attainment of steady state. Furthermore, Jury, Fluhler, and Stolzy (1977) have shown that lateral variations in the water uptake distribution have a large influence on solute concentration distributions within the root zone, even for the same total extraction (Fig. 17 ).
Chemical equilibrium model
Analysis of the ionic composition of soil and drainage water samples (Table  12) , and salinity sensor readings (Tables 4, 7, 10), led us to conclude that substantial precipitation of applied salt occurred within the root zone. The chemical equilibrium model can be used to predict steady-state rates of precipitation as a function of CO 2 distribution, water uptake distribution, leaching fraction, and irrigation water composition. 190 precipitation, however, averaged over 0.50 for the three crop seasons. During the transitional period when soil salinity is increasing, exchange adsorption will bring Ca'" ions into solution, increasing the amount of gypsum and CaC0 3 precipitation. Until steady state has been obtained, precipitation rates should exceed the predicted rates, which Further research is needed on the characteristics and duration of the transitional period before steady state, in order to estimate plant yield and environmental im~act of a given irrigation management policy.
CONCLUSIONS
From the experimental and theoretical information gathered in this study we conclude: 1) Salt-tolerant crops irrigated with saline water up to 7.1 mmhn/cm EC can produce reasonably high yields, even when the soil profile is initially salinized.
2) Calculation of water uptake distribution from salt concentrations indicates that 50 percent or more of the water extraction was occurring within 5 em of the surface over most of the experiment. This is a consequence both of the high salinity of the irrigation water and of daily irrigation.
3) Substantial amounts of precipitation, averaging over 50 percent of applied salt, occurred in the soil profile within the lysimeters. Ionic compo.sition analysis indicated that predominantly gypsum (CaS04) salts were precipitating. 'I'he large precipitation is a conseqnence of the unusual irrigation water composition characteristic of cooling tower blowdown water. 4) Characteristic travel times for full-profile salinization are very long for the small leaching fractions used in these experiments. The salt distribution has reached steady state only above 50 cm after 500 days of high-frequency irrigation.
5) Spatial variability of soil-water transport properties, evapotranspiration losses, and depth-equivalent salinity sensor reading was very high in this experiment. It would be difficult to calculate leaching fractions from soilbased measurements during the transient phase of profile salinization. 6) Chemical precipitation amounts greatly exceed steady-state values predicted from an equilibrium model. It is probable that removal of calcium ions from the soil exchange complex created a larger amount of gypsum (CaS0 4 ) precipitation than will occur when solution-exchange equilibrium has been achieved everywhere in the profile after salinization is complete.
